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I.  INTRODUCTION 


The  purpose  of  this  study  was  to  find  an  optical  technique  for  examining  two  types  of 
products  for  manufacturing  defects.  One  of  these  products  was  a  portion  of  a  metal  screen 
(Fig.  1)  commonly  used  in  cathode  ray  tubes.  The  CRT  screen  consisted  of  a  large  number 
of  closely  spaced  rectangular  holes  with  rounded  comers.  Some  of  these  holes  occasionally 
get  blocked  during  the  manufacturing  process.  This  is  the  kind  of  defect  considered  in  this 
investigation.  The  other  type  of  product  under  examination  was  a  step-index  optical  fiber 
(Fig.  2).  Techniques  were  investigated  for  checking  both  the  fiber’s  outer  diameter  and  the 
core  diameter. 

Both  products  were  illuminated  with  light  from  a  Helium  Neon  laser.  A  purposely  in¬ 
troduced  blockage  in  the  CRT  screen  was  examined  by  observing  the  far-field  diffraction 
pattern.  In  the  case  of  the  fiber,  the  inner  and  outer  fiber  diameters  were  to  be  determined 
from  the  same  type  of  measurement. 


II.  BACKGROUND 


Diameters  of  fiber  samples  have  commonly  been  measured  manually  with  an  optical 
microscope.  Marcuse  and  Presby  developed  an  automatic  method  for  performing  these  mea¬ 
surements  with  a  microscope  [1],  In  earlier  work,  Presby  presented  a  technique  for  deter¬ 
mining  the  outer  fiber  diameter  by  analyzing  the  back-scattered  light  when  a  beam  of  laser 
light  impinged  upon  the  fiber  [2],  Presby  and  Marcuse  extended  this  back-scattering  tech¬ 
nique  and  were  able  to  determine  a  combination  of  the  refractive  indices  and  the  diameters  of 
the  core  and  cladding  [3]. 

Watkins  deduced  cladding  and  core  diameters  from  the  far-field  pattern  produced  by 
forward-scattered  light  [4],  These  measurements  were  performed  on  fibers  with  a  19.5  pm 
core  and  166.5  pm  cladding  diameter,  and  a  .02  refractive  index  difference  between  core  and 
cladding.  Abushagur  and  George  measured  fiber  diameters  of  unclad  fibers  by  taking  the 
Fourier  transform  of  the  far-field  scattering  intensity  [5]. 

Nothing  was  found  in  the  literature  concerning  diffraction  pattern  analysis  of  a  cathode 
ray  tube  screen,  although  treatments  of  similar  apertures  are  available.  The  particular  CRT 
screen  investigated  here  is  a  rather  specialized  element. 

HI.  GENERAL  DIFFRACTION  THEORY 

Diffraction  is  the  phenomenon  of  light  and  dark  fringes  occurring,  when  the  light  path  is 
obstructed,  in  areas  which  should  be  (according  to  principles  of  geometrical  optics)  uniform 
shadow  regions.  Diffraction  can  be  analyzed  using  the  Huygens— Fresnel  principle,  which 
states  that  “every  unobstructed  point  of  a  wavefront,  at  a  given  instant  in  time,  serves  as  a 
source  of  spherical  secondary  wavelets  [6]”.  Diffraction  is,  thus,  a  consequence  of  ihe  super¬ 
inpositioning  of  waves. 

Diffraction  effects  are  generally  classified  into  two  types.  Fresnel  (or  neEr— field)  dif¬ 
fraction  occurs  when  both  the  plane  of  observation  and  the  point  source  of  illuminating  light 
are  relatively  close  to  the  diffracting  aperature,  so  that  the  waves  impinging  on  the  aperture 
as  well  as  those  arriving  at  the  observation  screen  are  spherical.  The  diffraction  pattern 
changes  significantly  when  the  distance  to  the  screen  is  slightly  increased  or  decreased. 
Fraunhofer  (or  far-field)  diffraction  occurs  when  the  wave  fronts  impinging  on  and  leaving 
the  diffracting  aperture  approach  being  planar.  This  can  be  achieved  either  with  th*  aid  of 
lenses  or  by  positioning  the  illuminating  point  source  and  screen  far  from  the  aperture.  Mov¬ 
ing  the  screen  under  these  conditions  will  change  the  size  but  not  the  shape  of  the  diffraction 
pattern.  Only  far-field  diffraction  effects  were  examined  in  this  investigation. 
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The  far-field  diffraction  pattern  observed  depends  on  the  size  and  shape  of  the  diffract¬ 
ing  aperture.  The  irradiance  distribution  of  a  uniformly  illuminated  single  slit  aperture  is 
given  by  [6]  : 

1(0)  =  1(0)  (sin  m2 

where 

P=  (kb/2)  sin  0 

and  k  =  2jc fk,  X  is  the  wavelength  of  the  light,  b  is  the  width  of  the  slit,  0  is  the  angular  devi¬ 
ation  from  the  central  maximum,  and  1(0)  is  the  peak  irradiance  (Fig.  3).  This  shows  that 
the  irradiance  falls  off  rapidly  as  0  increases,  so  that  the  higher  order  maxima  in  the  diffrac¬ 
tion  pattern  are  relatively  dim  compared  to  the  brightness  of  the  central  order. 

The  condition  for  diffraction  minima  can  be  derived  from  the  above  expression  for  the 
irradiance  distribution.The  first  diffraction  minimum  thus  occurs  when: 

b  sin  0  -  X. 

For  small  0, 

sin  0  a  x/f, 

where  x  is  the  distance  from  the  central  order  to  the  center  of  the  first  dark  order,  and  f  is  the 
focal  length  of  the  transform  lens.  Hence,  the  distance  to  the  first  minimum  can  be  calcu¬ 
lated  when  the  slit  vidth  is  given: 

x  =  X  f/b, 

or  the  slit  width  can  be  computed  by  measuring  the  distance  to  the  first  minimum  of  the  dif¬ 
fraction  pattern. 

A  stop,  which  is  complementary  to  a  single  slit,  i.e.,  a  long  narrow  opaque  obstacle 
(such  as  a  thin  wire  or  hair)  will  produce  a  diffraction  pattern  identical  to  that  of  a  single  slit. 
This  is  known  as  Babinet’s  principle  [6].  Therefore,  the  equations  discussed  above,  in  con¬ 
nection  with  the  single  slit,  can  also  be  used  to  determine  the  width  of  such  an  obstruction. 
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Figure  3.  Fraunhofer  Diffraction  of  a  Single  Slit  Illuminated  bv  Monochromatic  Plane  Waves. 


IV.  THEORY  AS  APPLIED  TO  THE  PROBLEM 

A.  Fiber 

A  transversely  illuminated  glass  fiber,  with  or  without  an  inner  core,  represents  a 
more  complicated  aperture  than  a  single  slit  or  a  long  thin  opaque  obstruction.  However,  it 
has  the  shape  of  such  an  aperture  and  produces  a  diffraction  pattern  which,  to  some  extent, 
depends  only  on  the  outside  diameter  of  the  fiber.  In  addition  to  this,  light  is  also  trans¬ 
mitted,  refracted  and  reflected  by  the  fiber,  which  can  add  coherently  to  the  diffracted  light 
and  result  in  a  composite  far-field  pattern  [4]. 

According  to  Watkins,  there  is  a  range  of  angles  for  which  n  o  transmitted  rays 
may  leave  the  fiber  at  the  same  scattering  angle  and  thus  interfere.  One  of  these  rays  passes 
through  the  cladding  only,  the  other  through  the  cladding  and  the  core.  Figure  4  shows  that 
there  is  a  critical  angle  0c  which  defines  fhe  lower  limit  of  this  range.  It  is  the  scattering 
angle  of  the  ray  just  grazing  the  core.  Ail  pure  cladding  rays  will  experience  a  scattering 
angle  larger  than  0c.  (According  to  Watkins) : 

0c  =  2  [arcsin  (nir^ri)  -  arcsin  tj2-/ri)]- 
This  equation  gives  a  computed  value  of  4.21°  for  the  fiber  investigated  here. 

There  is  no  contribution  from  cladding  rays  or  from  reflected  rays  at  scattering 
angles  smaller  than  0c.  In  this  range,  the  far-field  pattern  is  due  to  diffraction  effects  caused 
by  the  outer  fiber  diameter  plus  light  transmitted  through  the  core  of  the  fiber.  As  mentioned 
before,  a  single  slit  diffraction  pattern  has  most  of  its  energy  in  and  close  to  the  central  order. 
Since  0c  is  small,  the  effects  of  diffraction  can  be  expected  to  dominate  the  pattern  in  this 
region,  although  the  transmitted  rays  may  cause  a  slight  modulation. 

Above  this  critical  scattering  angle,  interference  between  reflected  rays,  pure  clad¬ 
ding  rays,  and  core  rays  should  dominate  the  far-field  pattern,  causing  it  to  differ  in  appear¬ 
ance  from  the  pattern  in  the  0°  to  0c  range.  Thus,  an  experimental  value  for  0c  should  be 
observable,  which  can  be  used,  together  with  the  experimental  value  for  the  outer  diameter 
(determined  from  the  distance  to  the  first  dark  fringe)  in  the  equation  for  0c  given  bv  Wat¬ 
kins  to  compute  a  value  for  the  core  diameter. 

B.  CRT  Screen 

Figure  5  shows  micrographs  of  individual  openings  in  the  CRT  screen.  The  over¬ 
all  pattern  can  be  seen  more  clearly  in  Fig.  6.  When  the  screen  is  illuminated  with  colli¬ 
mated  laser  light,  it  produces  the  Fraunhofer  pattern  depicted  in  Fig.  7.  Using  the  distance 
from  the  principal  maximum  to  the  first  minimum  in  the  equation  for  the  single  slit  discussed 
in  Section  III,  the  width  of  the  individual  openings  can  be  computed.  In  fact,  most  of  the 
features  of  the  diffraction  pattern  can  be  related  to  their  corresponding  distances  on  the  CRT 
screen  by  using  the  single  slit  approximation. 

Further  fine  structure  details  are  revealed  when  the  diffraction  pattern  is  magni¬ 
fied.  Figure  8  is  a  photograph  of  the  magnified  pattern  displayed  on  a  television  monitor. 
What  appear  to  be  primary  orders  in  thi*"  pho*', graph  are  in  fact  the  secondary  orders  seen  in 
Fig.  7.  Masking  out  some  of  these  bright  spot:;  enhanced  the  visibility  of  another  set  of  sub¬ 
sidiary  orders  in  the  horizontal  and  vertical  direction5  This  set  of  subsidiary  order-  is  due  to 
diffraction  from  the  square  iris. 
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V.  EXPERIMENTAL  ARRANGEMENT  AND  RESULTS 


A.  Fiber 

Figure  9  is  a  schematic  drawing  of  the  experimental  set-up  used  for  the  Fiber 
study.  A  4  mW  Uniphase  Model  1107P  Heir  ^-Neon  laser  was  used,  which  produced  a  rea¬ 
sonably  well  collimated  beam  of  3  mm  diameter.  This  beam  was  incident  perpendicular  to 
the  long  axis  of  the  optical  fiber.  The  fiber  illuminated  was  specified  as  having  a  cladding 
diameter  of  125  pm  and  a  core  diameter  of  10  pm.  The  index  of  refraction  of  the  cladding 
was  given  a  1.4570,  that  of  the  core  as  1.4624.  Figure  10  is  a  photograph  of  the  fringe  pat¬ 
tern  observed  on  a  white  cardboard  screen  located  one  focal  length  (2.28  m)  behind  the 
transform  lens.  Black  tape  was  used  to  cover  part  of  the  bright  central  order  and  absorb 
some  of  the  glare.  Many  more  fringes  could  be  seen  on  the  screen  than  it  was  possible  to 
capture  in  the  photograph.  The  diffraction  pattern  obtained  was  similar  to  that  of  a  single  slit 
aperture.  The  distance  to  the  first  minimum  was  measured  to  be  1.1  ±  .05  cm.  Using  this 
value  in  the  equation  for  computing  the  slit  width  as  outlined  in  a  previous  section,  a  corre¬ 
sponding  slit  width  of  131.2  pm  was  calculated.  Assuming  the  specified  value  of  125  pm  to 
be  correct,  measuring  the  distance  to  the  first  diffraction  minimum  determined  the  outer  di¬ 
ameter  of  the  fiber  to  within  an  accuracy  of  5%. 

At  a  distance  of  approximately  15  cm  from  the  central  order,  a  change  in  the  pat¬ 
tern  was  observed.  The  fringes  were  not  so  well  defined,  and  the  dark  fringes  were  not  as 
distinctly  dark  as  they  were  at  a  closer  distance  to  the  central  order.  Hence,  this  was  taken  as 
the  distance  on  the  screen  corresponding  to  the  critical  angle  0c,  above  which  interference 
between  pure  cladding,  core,  and  reflected  rays  should  dominate  the  pattern.  The  corre¬ 
sponding  critical  angle  0c  was  computed  to  have  a  value  of  3.77°.  This  value  is  10%  lower 
than  the  critical  value  computed  by  using  the  real  fiber  diameters.  Having  found  an  exper¬ 
imental  value  for  0c  and  for  the  outer  radius  n,  the  core  diameter  could  be  computed  from 
the  equation  for  0c  by  an  iteration  method.  The  value  thus  found  for  the  inner  core  diameter 
was  9.4  pm,  6%  lower  than  the  specified  value. 

B.  CRT  Screen 

Figure  11  depicts  one  of  the  experimental  arrangements  used  for  the  CRT  screen 
study.  A  collimated  beam  from  a  35  mW  Spectra-Physics  Model  124B  Helium-Neon  laser 
was  incident  normally  on  the  CRT  screen.  The  screen  was  oriented  such  that  the  short  sides 
of  the  rectangular  openings  were  parallel  to  the  optical  table.  A  2.28  m  transform  lens  was 
used  to  focus  the  far-field  diffraction  pattern  on  a  white  cardboard  screen.  Figure  7  shows 
photographs  of  the  pattern  observed  with  this  experimental  set-up.  One  of  the  photographs 
was  given  a  longer  exposure  time  to  enhance  the  visibility  of  the  higher  orders. 

The  distance  between  the  principal  orders  in  the  horizontal  direction  was  measured 
to  be  6.5  ±  0.5  mm.  Using  the  single  slit  approximation  discussed  in  Section  III,  one  obtains 
a  corresponding  “slit”  width  of  0.22  mm.  This  is  in  very  good  agreement  with  a  value  of 
0.215  ±  .005  mm  for  the  width  of  an  opening  in  the  screen  (distance  a\  in  Fig.6)  measured 
from  the  micrograph.  Similarly,  the  measured  distance  of  1.5  ±  .1  mm  between  the  subsid¬ 
iary  maxima  in  the  horizontal  direction  gives  a  value  of  .96  mm  for  the  horizontal  center  to 
center  spacing  (a2  in  Fig.  6)  of  the  screen  openings,  which  agrees  well  with  the  value  of  .98 
±  .01  mm  obtained  from  the  micrograph. 
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The  distance  between  the  subsidiary  maxima  in  the  vertical  direction  was  mea¬ 
sured  to  be  2.0  ±  .1  mm.  This  corresponds  to  an  aperture  distance  of  .72  mm.  The  vertical 
center  to  center  spacing  between  the  screen  openings  was  measured  to  be  .80  ±  .01  mm, 
while  the  slit  height  was  .65  ±  .1  mm  (a3  and  a4,  respectively,  in  Fig.  6).  It  is  thus  difficult 
to  determine  which  of  these  two  dimensions  in  the  CRT  screen  causes  the  2  mm  spacing  be¬ 
tween  the  subsidiary  maxima  in  the  vertical  direction.  The  chevron  features  of  the  diffrac¬ 
tion  pattern  are  most  likely  due  to  the  slightly  rounded  structure  of  the  slits. 

No  change  in  the  pattern  was  visible  when  a  small  blockage  was  introduced  into 
the  CRT  screen.  Therefore,  the  diffraction  pattern  had  to  be  magnified  to  observe  some  of 
the  finer  structure.  The  experimental  arrangement  was  changed  to  that  depicted  in  Fig.  12. 
A  magnification  factor  of  15.75  was  achieved  using  an  RCA  television  camera  and  display¬ 
ing  the  diffraction  pattern  on  a  television  monitor.  Changing  the  2.28  m  transform  lens  to  a 
lens  combination  with  an  effective  focal  length  of  5.58  m  provided  further  magnification.  A 
4  mW  Uniphase  Helium-Neon  laser  was  used  because  the  sensitivity  of  the  television  cam¬ 
era  required  a  much  lower  light  intensity. 

A  square-shaped  iris  gave  the  collimated  laser  beam  incident  on  the  CRT  screen  a 
square  cross-section  of  1.9  cm  by  1.9  cm.  It  was  found  that  the  effects  of  introducing  a 
small  hlockage  in  the  screen  were  less  noticeable  in  the  diffraction  pattern  when  a  beam  of 
circular  cross-section  was  used.  The  square  beam  illuminated  approximately  650  openings 
in  the  screen. 

Figure  8  is  a  photograph  of  the  far-field  pattern  displayed  on  the  screen,  after 
black  tape  was  placed  across  the  TV  camera  to  block  out  the  brightest  orders.  The  bright  or¬ 
ders  in  this  photograph  are,  in  fact,  the  secondary  orders  seen  in  Fig.  7.  The  additional  sub¬ 
sidiary  orders  visible  with  this  experimental  arrangement  are  due  to  diffraction  from  the 
square  iris.  A  square  beam  of  1.9  cm  by  1.9  cm  should  produce  diffraction  orders  in  both  the 
horizontal  and  vertical  direction  located  a  distance  of  2.9  mm  apart  on  the  TV  monitor.  The 
actual  distance  measured  was  3.0  ±  .5  mm. 

Upon  introduction  of  a  blockage  covering  one  hole  of  the  CRT  screen,  no  change 
was  observed  in  the  far-field  pattern.  However,  when  the  blockage  was  enlarged  to  cover 
five  of  the  650  openings  illuminated,  a  remarkable  change  in  the  subsidiary  orders  of  the  re¬ 
sulting  diffraction  pattern  was  observed.  Figures  13a  and  13b  show  the  pattern  without  the 
blockage  and  with  the  blockage  in  place,  respectively.  Additional  bright  orders  had  to  be 
masked  to  increase  the  visibility  of  the  subsidiary  orders.  When  the  blockage  was  in  the  cen¬ 
ter  of  the  illuminated  screen  area,  every  other  subsidiary  maximum  seemed  to  be  enhanced, 
while  the  maxima  previously  visible  between  the  enhanced  ones  disappeared.  This  effect 
was  no  longer  visible  when  a  larger  area  of  the  screen  was  illuminated 
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VI.  DISCUSSION  OF  RESULTS 


A.  Fiber 

The  accuracy  with  which  the  cladding  and  core  diameters  were  determined  in  this  in¬ 
vestigation  could  be  greatly  improved  in  future  studies.  The  outer  diameter  values  were 
based  on  a  single-slit  approximation.  It  did  not  take  into  account  the  transparency  and  dif¬ 
ference  in  geometry  of  a  circular-cylindrical  fiber  as  compared  to  a  thin  flat  totally  absorb¬ 
ing  strip.  It  would  be  useful  to  compare  the  diffraction  pattern  of  the  fiber  to  that  of  an  ac¬ 
tual  slit  with  a  slit  width  equal  to  the  outer  fiber  diameter,  in  order  to  determine  the 
percentage  error  introduced  by  this  approximation.  Such  a  calculation  was  performed  by 
Greenler  et  al.  for  transparent  cylinders  with  indices  of  refraction  varying  between  1.4  and 
1.5  [7],  It  showed  that  the  errors  introduced  by  the  single-slit  approximation  ranged  from 
33%  to  47%  for  cylinders  of  5.5  jam  diameter.  Fibers  of  diameters  comparable  to  the  one 
examined  in  this  investigation  were  not  considered  by  Greenler  et  al.  They  claim,  however, 
that  the  error  would  still  be  considerable  for  a  transparent  cylinder  with  a  diameter  larger 
than  5.5  pm 

Another  source  of  error  lies  in  the  measurement  of  the  distance  to  the  first  dark 
fringe,  followed  by  the  approximation  sin  0  =  x/f.  Use  of  a  detector  capable  of  measuring 
the  intensity  of  the  scattered  light  at  the  actual  scattering  angles  would  make  the  outer  diam¬ 
eter  determination  more  accurate,  since  the  scattering  angle  at  which  the  intensity  is  at  a 
minimum  could  more  easily  be  detected  on  a  graph  of  intensity  versus  scattering  angle. 

Such  a  graph  should  also  make  determination  of  the  critical  scattering  angle  0c  more  accu¬ 
rate,  thus  improving  the  accuracy  with  which  the  core  diameter  can  be  computed.  In  this 
study,  the  scattering  angle  0c  was  found  by  making  a  visual  judgement  as  to  where  the  dif¬ 
fraction  pattern  on  the  screen  changed.  This  judgement  could  probably  be  made  with  more 
certainty  from  a  graph  of  the  angular  distribution  of  the  scattered  light,  thus  diminishing  this 
source  of  error. 

Considering  the  many  possibilities  for  error,  the  relatively  small  discrepancies  be¬ 
tween  the  experimentally  determined  and  true  fiber  diameters  may  be  the  result  of  some  er¬ 
rors  partially  cancelling  each  other. 

B.  CRT  Screen 

The  actual  pattern  of  the  openings  in  the  CRT  screen  is  obviously  much  more  com¬ 
plex  than  a  single  slit  aperture.  Nevertheless,  it  was  shown  that  the  single  slit  approximation 
can  be  used  to  satisfactorily  relate  many  features  of  the  diffraction  pattern  to  the  correspond¬ 
ing  parts  of  the  CRT  screen. 

Blocking  some  of  the  openings  in  the  screen  led  to  a  change  in  that  part  of  the  dif¬ 
fraction  pattern  which  was  originally  due  to  diffraction  from  the  square  iris.  Interference  due 
to  the  blockage  and  the  square  aperture  thus  caused  some  of  these  subsidiary  maxima  to  be 
enhanced.while  others  disappeared.  However,  an  exact  analysis  of  this  phenomenon  is  be¬ 
yond  the  scope  of  this  investigation. 
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VII.  CONCLUSION 


A.  Fiber 

The  outer  diameter  of  a  step-index  fiber  was  determined  with  an  accuracy  of  5% 
by  measuring  the  distance  to  the  first  dark  f'inge  in  the  far— field  diffraction  pattern.  A  value 
for  the  core  diameter  was  then  found  based  on  the  experimental  value  for  0c.  This  represents 
the  scattering  angle  of  a  cladding  ray  grazing  the  core  (Fig. 4).  In  the  scattering  range  below 
0c,  interference  effects  between  pure  cladding  rays,  core  rays,  and  reflected  rays  are  not  pos¬ 
sible.  An  equation  developed  by  Watkins  [4]  was  utilized  to  compute  the  core  diameter.  The 
computed  core  diameter  differed  from  the  one  specified  by  6%.  This  study  differs  from  that 
by  Watkins  in  that  the  scattering  region  below  0c  was  used  to  determine  the  outer  diameter. 

The  difference  in  index  refraction  between  core  and  cladding  of  the  fiber  used  in 
this  investigation  was  only  0.0054,  compared  to  an  index  difference  of  0.02  in  the  fiber  stu¬ 
died  by  Watkins.  The  fiber  investigated  also  had  much  smaller  inner  core  diameter  than  fi¬ 
bers  studied  in  previous  work  of  other  authors.  Future  investigations  could  achieve  better 
results  with  a  slightly  more  sophisticated  experimental  set-up  than  the  one  used  in  this  study. 


B.  CRT  Screen 

A  blockage  covering  five  openings  of  the  CRT  screen  examined  was  found  to 
cause  a  detectable  change  '.n  the  screen’s  far-field  diffraction  pattern.  No  such  change  was 
observed  when  the  blockage  was  reduced  in  size  or  when  the  area  illuminated  was  increased 
to  cover  more  than  approximately  650  openings.  Hence,  this  technique  would  have  to  be  im¬ 
proved  further  in  order  to  become  a  feasible  method  for  detecting  a  small  number  of  blocked 
openings  in  CRT  screens. 
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